Abstract We studied transgene silencing in two transgenic rice plants, OSM25 and COT-OSM4, which harboured two different types of right border (RB)-centered inverted transferred DNA (T-DNA) repeats (IRs). The T-DNA in OSM25 has three genes gus, OSM and hph, all under the transcriptional control of the Cauliflower mosaic virus 35S promoter (P35S). The gus gene, which is proximal to the RB, is in a convergent orientation of transcription in the IR. OSM25 displayed silencing of all three transgenes. Nuclear run-on transcription analysis revealed that silencing of gus, OSM and hph genes in OSM25 operates at the transcriptional level. P35S showed hypermethylation in OSM25 plants. COT-OSM4 has P35S-driven gus and hph genes in its T-DNA. The hph gene, which is proximal to the RB, is in a divergent orientation of transcription in the IR. Unlike in OSM25, the transgenes in COT-OSM4 showed no silencing. These findings show that convergent orientation of transcription of a gene at the origin of an IR is important for transgene silencing.
Introduction
Agrobacterium tumefaciens-mediated plant transformation offers the advantage of defining the transferred DNA (T-DNA) between the right (RB) and left (LB) T-DNA borders (Gelvin 2003) . The formation of inverted T-DNA repeats (IRs) upon A. tumefaciens-mediated plant transformation was first reported in tobacco calli (Kwok et al. 1985) . Complex T-DNA structures, particularly those with IRs, are often coupled with transgene silencing (Stam et al. 1997) . Gene silencing occurs at the posttranscriptional level (PTGS) or at the transcriptional level (TGS). In PTGS the promoter is active in transcription but the mRNA is degraded, whereas in TGS, the promoter is densely methylated and hence is inactivated (Fojtova et al. 2003) . In an IR, the gene which lies proximal to the origin of an IR is most often subjected to PTGS (Hobbs et al. 1990 ).
Here, we report that two transgenic rice plants with structurally different RB-centered IRs display differences in transgene silencing. The IRs differ in the orientation of transcription of the transgene which is proximal to the origin of the IR. A transgenic rice plant OSM25 harbours an RB-centered IR with three P35S-driven transgenes, gus, OSM and hph. The gus gene at the origin of the IR is in a convergent orientation of transcription. OSM25 exhibited transgene silencing by TGS. Another transgenic rice plant COT-OSM4, which carried an RB-centered IR with the hph gene in divergent orientation of transcription, did not display silencing. The difference in transgene silencing in the two IRs in OSM25 and COT-OSM4 is discussed in the context of convergent and divergent orientations of transcription of the genes at the origin of the IR.
Materials and methods

Plant material and production of transgenic plants
The transgenic plant OSM25 was obtained by transforming the scutellum-derived callus of Oryza sativa L. ssp. indica cv White Ponni with the A. tumefaciens strain LBA4404 (pSB1, pGSD2). pGSD2 T-DNA harbours P35S-OSM in pCAMBIA1301 (Fig. 1a) .
The COT-OSM4 plant was obtained by co-transformation of the scutellum-derived callus of Oryza sativa L. ssp. indica cv Pusa Basmati1 with the A. tumefaciens strain C58C1 Rif r (pGV2260::pSSJ1, pRP7) (Sripriya et al. 2011) . pGV2260::pSSJ1 T-DNA harbours the P35S-driven hph and gus genes (Fig. 2c) . Rice plants were grown in pots with clay soil in a greenhouse with natural light, under 12-h day and 12-h night cycles.
Southern and Northern blot analyses
Rice DNA (2.5 μg) was digested with restriction enzymes and electrophoresed in 0.8 % [w/v] agarose gels. DNA was transferred to the Zeta-probe nylon membrane (Bio-Rad, Hercules, USA). The probe DNA was labeled with [α- Chalfont, UK). DNA blotting, hybridization and washes were done as described by Sridevi et al. (2006) . Total RNA extracted (Pawlowski et al. 1994 ) from leaves was estimated in a spectrophotometer. Total RNA (10 μg) was electrophoresed in 1.2 % [w/v] agarose gels with 1 % [v/v] formaldehyde. RNA was transferred to a nylon membrane (Roche Diagnostics GmbH, Mannheim, Germany). Hybridization and washes were done as described by Pawlowski et al. (1994) .
Nuclear run-on transcription analysis
Nuclei isolation, labeling of ongoing transcription with [α-32 P]UTP (Board of Radiation and Isotope Technology, Mumbai, India), extraction of labeled nuclear transcripts, hybridization, and washes were done as described by Meng and Lemaux (2003) . 
Results and discussion
Ten transgenic rice plants (OSM2, OSM3, OSM5, OSM6, OSM8, OSM20, OSM25, OSM36, OSM53, and OSM54) were obtained by transformation with A. tumefaciens LBA4404 (pSB1, pGSD2). DNA samples were digested with HindIII and the blots were probed with the gus and OSM genes to analyze RB and LB junction fragments (JFs), respectively. Six plants (OSM2, OSM8, OSM20, OSM36, OSM53, and OSM54) were identified as single-copy transgenic plants, OSM5 as a two-copy transgenic plant, and OSM3 and OSM6 as multi-copy transgenic plants (Fig. 1 ). The number of JFs which hybridized to the gus probe (Fig. 1b, c ) and the OSM probe (Fig. 1d, e) were the same in all transgenic plants, except OSM25. OSM25 displayed one RB JF for the gus probe and two LB JFs for the OSM probe ( Fig. 1b and d) , suggesting integration of an RB-centered IR.
DNA of OSM25 was digested with multiple restriction enzymes and Southern blotting was performed with the gus probe to confirm the nature of the IR. DNA of OSM25 was digested with BamHI, EcoRI, HindIII and XhoI. If an RBcentered IR is formed, the gus probe-hybridizing fragments are expected to be twice the distance between restriction site and the RB (Fig. 2a) . In OSM25, 6.0-kb BamHI, 6.8-kb Eco-RI, 6.0-kb HindIII, and 9.0-kb XhoI fragments hybridized (Fig. 2b) confirming the formation of an RB-centered IR.
Co-transformation of rice with A. tumefaciens (pGV2260::pSSJ1, pRP7) yielded 15 transgenic plants (Sripriya et al. 2011) . One of these, COT-OSM4, displayed one EcoRI-released 4.2-kb RB JF with the hph probe, which was twice the distance (2.1 kb) between the restriction site and the RB (Fig. 2c) (Sripriya et al. 2011) . In other 14 transgenic plants, the fragments which displayed hybridization were not of 4.2 kb size, indicating the absence of RB-centered IRs. Therefore, the T-DNA insertion in COT-OSM4 was proposed to carry an RB-centered IR. To confirm the IR in COT-OSM4, DNA was digested with EcoRI, SacI, BglII and SalI. The blot was probed with the hph gene. In COT-OSM4, as expected for an IR, 4.2-kb EcoRI, 3.4-kb SacI, 10.2-kb BglII and 8.8-kb SalI fragments hybridized (Fig. 2d) . Thus, the RB-centered IR in COT-OSM4 is confirmed.
Transgenes residing in IRs are highly prone to gene silencing (Stam et al. 1997; Hobbs et al. 1990; Fojtova et al. 2006; Mroczka et al. 2010) . In view of the possibility that silencing of transgenes in an IR may initiate at the T 1 or T 2 generations and intensify in homozygous plants (Skarn et al. 2006 ), homozygous T 2 plants were established for OSM25 and COT-OSM4 as described by Sridevi et al. (2006) . Of the 21 OSM25 T 1 plants analyzed, six were null, nine were hemizygous, and six were homozygous, fitting to the 1:2:1 Mendelian segregation ratio for a single T-DNA locus.
A homozygous T 2 OSM25 plant was selected to study transgene silencing caused by the IR. A single copy transgenic rice plant, OSM20 was used as a positive control. Northern blotting was done with the gus, OSM, and hph probes. OSM20 showed high levels of gus, OSM, and hph transcripts (Fig. 3a, b, c) . In OSM25, gus, OSM, and hph transcripts did not accumulate. Thus, all three transgenes in OSM25 were silenced. The T-DNA of the binary vector pGSD2 (Fig. 1a) , from which OSM25 was derived, has three transgenes (gus, OSM, and hph) under the transcriptional control of P35S. Expression of multiple transgenes under the transcriptional control of one strong promoter such as P35S is conceived as one of the important causes for gene silencing. In order to test this possibility, five single-copy transgenic rice plants (OSM8, OSM20, OSM36, OSM53, OSM54), and two two-copy transgenic rice plants (OSM5, OSM25), all derived by pGSD2 transformation, were subjected to Northern blotting with the OSM probe. All plants, except OSM25, showed accumulation of the OSM transcript (Fig. 4a, b) . Thus, silencing of transgenes in OSM25 is due to T-DNA IR and not due to multiplicity of the 35S promoter.
Two homozygous COT-OSM4 T 2 rice plants with IR were selected to study the transgene expression. A transgenic tobacco expressing P35S-driven gus and hph transgenes (lab collection) was used as a positive control. Northern blot analyses showed high levels of gus, and hph transcripts in the transgenic tobacco plant (Fig. 3d, e) . Interestingly, unlike in OSM25, both COT-OSM4 plants accumulated gus and hph transcripts. Thus, the transgenes in COT-OSM4 were not silenced till the T 2 generation.
Nuclear run-on transcription assay (Meng and Lemaux 2003) was done to study whether the gus, OSM, and hph genes in OSM25 were subjected to PTGS or TGS. To ensure that the actively transcribed T-DNA genes are detected, nuclei from the OSM20 plant, which expressed the hph, OSM, and gus genes (Fig. 3a, b, c) , was included as a positive control. In this assay, the labeled total transcripts from the nuclei of the control plant, OSM20 (non-silenced), and OSM25 (silenced) plants were hybridized to independent DNA blots that contained HindIII-digested plant genomic DNA (5 μg), λ-HindIII DNA (2.5 μg), and digested plasmids (2.5 μg each) containing the hph, OSM, and gus genes present in the T-DNA. Plant DNA with high homology with the total transcripts served as the positive hybridization control and λ-HindIII with no homology, served as the negative hybridization control. Suspension of the nuclei in a transcription buffer containing unlabeled NTPs and [α-32 P]UTP allows the ongoing transcription to continue and provides labeled transcripts from genes which are actively transcribed while the nuclei are isolated. No or negligible reinitiation of transcription occurs after nuclei isolation. The labeled total transcripts were extracted and used as probe to hybridize to the DNA blot.
As expected, intense hybridization signal was observed in the HindIII-digested plant DNA lane (positive control) in all the three blots (Fig. 5a, b, c) indicating that the total transcripts from the nuclei were effectively labeled. No signal was observed in the λ-HindIII (negative control) in all the blots indicating the absence of cross hybridization. In OSM20, the nuclear transcripts hybridized to the gus, OSM, and hph gene fragments (Fig. 5c) . Thus, the nuclear run-on transcription experiment worked very well. No hybridization to the gus, OSM, and hph genes to the control plant nuclear transcript was observed (Fig. 5a ). In the OSM25 nuclear transcript hybridized blot, no hybridization was seen for the gus, OSM, and hph genes (Fig. 5b) . Lack of signal for the gus, OSM, and hph genes indicates that the transcription of the gus, OSM, and hph genes did not occur in the OSM25 nuclei. Thus, the gus, OSM, and hph genes are inferred to be under TGS in OSM25.
Methylation of the 35S promoters in OSM25 was studied by Southern blotting using the methylationsensitive restriction enzymes AluI and MspI. The 35S promoter was used as the probe. Absence of methylation in the promoter will lead to complete digestion and hence multiple, short DNA fragments of expected sizes will hybridize, whereas methylation in the promoter will lead to incomplete digestion and hence longer DNA fragments will hybridize to the probe. DNA samples (5 μg) from OSM20 (non-silenced) and OSM25 (silenced) were digested with AluI and MspI and subjected to Southern blotting using the P35S probe. In OSM20 (non-silenced), short DNA fragments (<1.0 kb) hybridized (Fig. 6) indicating the absence of methylation in the P35S region. However, in OSM25 (silenced), fragments of higher molecular weight hybridized for both enzyme digestions. Incomplete digestion with AluI and MspI indicates that the 35S promoter in OSM25 is methylated. As reported by Fojtova et al. (2003) , P35S of TGS silenced genes in OSM25 are subjected to hypermethylation. Although both OSM25 and COT-OSM4 harboured IRs, transgenes in OSM25 were silenced but those in COT-OSM4 were not silenced. This suggests that the direction of transcription of the gene which is proximal to the origin of the IR is an important silencing determinant. The gus gene, which is proximal to the origin of the IR in OSM25, is in a 'convergent' orientation which can generate a double-stranded RNA (dsRNA) by a read through process in which transcription is continued beyond the transcription termination site. The dsRNA thus generated may have served as the trigger of silencing in OSM25. In contrast, COT-OSM4 lacks such structural ability to make dsRNA because the hph gene proximal to the origin of the IR is in a 'divergent' orientation. The importance of convergent orientation of a gene for it to be silenced in an IR has been shown earlier (Mroczka et al. 2010; Hobbs et al. 1990 ). Mroczka et al. (2010) showed that a readthrough dsRNA served as the trigger of PTGS. Although IRs are very frequently associated with gene silencing, we cannot totally rule out the rare possibility of flanking genomic sequences at the site of T-DNA integration triggering silencing in OSM25.
The convergent orientation of transcription of the gus gene in OSM25 is expected to cause PTGS. However, nuclear runon transcription analysis revealed that the gus as well as OSM and hph genes were subjected to TGS. An IR locus, locus1 in tobacco, epigenetically switched from PTGS to TGS upon prolonged vegetative propagation in tissue culture (Fojtova et al. 2003; Krizova et al. 2009 ). The P35S promoter of the TGS silenced nptII gene was hypermethylated. Similarly, the gus gene proximal to the origin of the IR in OSM25 may have initially been a PTGS locus and subsequently became a TGS locus by hypermethylation. Our analysis with methylationsensitive enzymes clearly showed that 35S promoters in OSM25 are methylated (Fig. 6 ). This study with OSM25 and COT-OSM4, both harbouring RB-centered IRs, shows that convergent orientation of transcription of the gene proximal to the origin of the IR is crucial to trigger silencing.
